For the first time, low-cost open-source 3-D printing provides the potential for distributed manufacturing at the household scale of customized, high-value, and complex products. To explore the potential of this type of ultra-distributed manufacturing, which has been shown to reduce environmental impact compared to conventional manufacturing, this paper presents a case study of a 3-D printable parametric design for recreational vehicle (RV) solar photovoltaic (PV) racking systems. The design is a four-corner mounting device with the ability to customize the tilt angle and height of the standoff. This enables performance optimization of the PV system for a given latitude, which is variable as RVs are geographically mobile. The open-source 3-D printable designs are fabricated and analyzed for print time, print electricity consumption, mechanical properties, and economic costs. The preliminary results show distributed manufacturing of the case study product results in an order of magnitude reduction in economic cost for equivalent products. In addition, these cost savings are maintained while improving the functionality of the racking system. The additional electrical output for a case study RV PV system with improved tilt angle functionality in three representative locations in the U.S. was found to be on average over 20% higher than that for conventional mass-manufactured racking systems. The preliminary results make it clear that distributed manufacturing -even at the household level -with open-source 3-D printers is technically viable and economically beneficial. Further research is needed to expand the results of this preliminary study to other types of products.
Background
It has been well established that the embodied energy of transportation for a wide range of products can have an appreciable percentage of the environmental impact of a product over its life cycle (Zhu and Sarkis 2006; Pearce et al. 2007; Cholette and Venkat 2009; Meisterling et al. 2009; Winnebeck 2011) . Life cycle analysis indicates that ultra-distributed manufacturing with 3-D printers by prosumers (producer/consumers) would be beneficial from an environmental impact viewpoint (Kreiger and Pearce 2013a, b) . This is the case if conventional manufacturing of equivalent products is avoided by printing them. These savings are in part due to reductions in transportation embodied energy (Kreiger and Pearce 2013a, b) . Recent developments in 3-D printing (an additive manufacturing technique, which intrinsically reduces material waste) have made distributed manufacturing of high-value products for household use both technically and economically viable, enabling individuals to fabricate an exponentially growing list of products to meet their own needs (Pearce et al. 2010; Wittbrodt et al. 2013) . Sales figures indicate that personalized or desktop manufacturing with 3-D printers is a growing trend (Blua 2013; Economist 2012; Make 2013; Wohlers 2013) . A wide range of products can now be produced by low-cost 3-D printers (Pearce et al. 2010; Martens et al. 2011; Wittbrodt et al. 2013) , and open-source self-replicating rapid prototypers (or RepRaps) enable particularly fast scaling. RepRaps can manufacture over 50% of their own components (excluding fasteners) creating a low-cost and easily repairable 3-D printer that can be used for both upgrades and fabricating replacement parts for low costs (Jones et al. 2011) . To create the desired part, RepRaps sequentially deposit 100-to 400-micron layers of polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), highdensity polyethylene (HDPE), and a wide range of other feedstock materials (Baechler et al. 2013; Kreiger et al. 2014; Mireles et al. 2013) . Open-source 3-D printers have already demonstrated usefulness for developing engineering prototypes (Sells et al. 2010) , customizing scientific equipment (Pearce 2012; Pearce 2014; Zhang et al. 2013) , creating electronic sensors (Leigh et al. 2012; Anzalone et al. 2013) , education (Gonzalez-Gomez et al. 2012; Zhang et al. 2013) , co-creative product realization (Redlich et al. 2008) , personal manufacturing (Devor et al. 2012) , wire embedding (Bayless et al. 2010) , modular robotics (Moses et al. 2009 ), tissue engineering (Miller et al. 2012) , and appropriate technology for sustainable development (Pearce et al. 2010) . This paper investigates the ability of the RepRap to be used in manufacturing directly following the open-source paradigm and uses a case study of a solar photovoltaic (PV) racking technology.
Recently, open-source principles have also been applied to solar PV technological development with promising results (Buitenhuis and Pearce 2012) , and there is a growing interest in using 3-D printers to fabricate components of all kinds. There have also been a growing number designs of PV systems on Thingiverse, an online repository for 3-D printing designs (Makerbot Thingiverse 2012a , b, 2013a . The PV industry is currently undergoing significant structural adjustment as the costs of PV modules per watt has dropped 80% in the last 5 years, which has resulted in i) a marked decrease in the levelized cost of solar electricity (Branker et al. 2011 ) driving up demand and ii) the economic role of racking has been gaining prominence relative to the modules (Barbose et al. 2012) . One area where 3-D printing can be used with PV is in custom module mounting.
Recreational vehicle (RV) applications of PV are unique in that the load is geographically mobile as is the structure where the PV is attached, and thus, there would be a benefit to customizing the bracket for each location to achieve an optimal tilt angle (Lewis 1987; Shu et al. 2006; Calabrò 2009; Mehleri et al. 2010) . PV is already an attractive electricity generation option for RV users because it is often off grid and yet requires electrical power and there are several RV PV mounting systems on the market. Unfortunately, these mounting systems are often prohibitively expensive. For example, current RV-mounted solar PV modules use aluminum brackets attached to aluminum standoffs, which significantly hamper distribution as they have approximately the same cost per watt as the modules themselves (Renvu 2014). As PV mounting and racking now makes up a significant fraction of PV system costs, the new developments in 3-D printing provide the potential for individuals to fabricate PV racking to drive down overall PV system prices. The primary requirement for a successful frugal RV PV mounting system is that it is mechanically stable to enable the RV to drive from location to location with the PV mounted on the top of the RV, and the secondary requirement is the ability for custom tilt angle adjustment for different latitudes.
In this paper, distributed manufacturing is the frugal innovation for this case study of RV PV racking system production with RepRaps. Parametric designs for a novel RV mounting system consisting of brackets and standoffs are developed. The design is a four-corner mounting device with the ability to customize the tilt angle and height of the standoff, which enables performance optimization for a given latitude. The open-source 3-D printable designs are fabricated and analyzed for print time, print electricity consumption, and mechanical properties. The additional electrical output for a case study RV PV system in three representative locations in the U.S. is simulated. These preliminary results are discussed, and conclusions are drawn about the technical and economic viability of this distributed approach to manufacturing.
Methods
RV conventional aluminum brackets for mounting RV PV modules are widely available in a Z-shape geometry composed of two horizontal mounting feet connected via a vertical riser. One of the feet is attached to the module, while the other is connected to a standoff mount. The load transferred to the mount from the module acts in such a way that a moment occurs in the bracket causing stresses to be present from bending. To serve as a functional replacement, a printed mount must be able to withstand the same moment as the aluminum mount. Therefore, a baseline maximum moment (M) the aluminum bracket can support before failure was calculated for the aluminum bracket as well as stiffness to serve as design parameters for the printed mount using:
where σ y is the yield strength of the material, I is the second moment of inertia, and y is the distance from the neutral axis. For 6061-O aluminum, the yield strength was taken as 55.2 MPa (ASM 2013). Brinell Hardness was tested on the brackets, confirming the 6061-O alloy, with 29.9 MPa experimentally tested and 30 MPa being handbook comparison (ASM 2013). The dimensions of aluminum brackets are 1.8 mm thick and 38 mm (±0.005 mm) wide resulting in an area moment of 1.847 × 10 −11 m 4 and a distance of 0.9 mm from the neutral axis to the surface where stresses are highest. The calculated maximum supported moment is 1.13 Nm, which translates to a force of 83.4 N (18.75 lbs) acting at the centroid of the mounting foot.
The basic bending stiffness of the aluminum bracket was determined by:
where E is Young's modulus. For the bracket with a Young's modulus of 68.9 GPa, the bending stiffness is 1.272 Nm 2 . ABS was chosen as the printing material due to its resistance to UV radiation and environmental conditions of wind, rain, and snow that it could experience while in use (Davis et al. 2004) . ABS printed parts can be treated with acetone to smooth out and better seal the exterior of the parts, which see the most wear in use (Davis et al. 2004) . To compare the aluminum parts to the 3-D ABS printed parts, ten ASTM Type I tensile test specimens were printed at 100% infill and tested in accordance with the ASTM D638 standard for testing plastics (ASTM 2013). These tests resulted in preliminary values of 27 MPa for the tensile strength and 1.8 GPa for E (Tymrak et al. 2014) . In order to compensate for the decrease in strength and modulus of the printed parts, the thickness was increased to 4 mm and the width held constant resulting in a maximum supportable moment of 2.74 Nm or a 201.9 N (45.4 lbs) force and a stiffness in bending of 0.365 Nm 2 . While the printed part can theoretically support a greater force than the aluminum bracket, it will deflect more due to having a lower stiffness in the loading configuration.
Due to the discrete nature of layer deposition in 3-D printing, the lamination strength of the layers in the direction of the part build is much lower than the tensile strength in the plane of deposition. However, this is only an issue when the print is loaded parallel to the Z axis of the print and can be mitigated by loading parts perpendicular to the Z axis of the print, such as how the mounting bracket is designed.
The 3-D printed parts were designed using OpenSCAD (Kintel and Wolf 2013) , an open-source, script-based, parametric 3-D modeling program. Along with increasing the thickness, the geometry of the original part was modified to ensure that it would behave similarly to the aluminum part despite differences in material properties. A chamfer was added at the junction of the mounting bracket foot and the vertical riser to add extra support, increasing stiffness. This serves to fortify critical sections of the part where stress concentrations would be highest.
Finally, the 3-D printable racking component cost (C T ) was calculated by:
where t is the printing time, e is the electricity cost [$/h] made up of the power consumed times the electric rate of $0.12/kWh (U.S. EIA 2013), m is the mass [kg], p is the polymer cost of $35/kg (note: ABS and PLA, the two most common polymers both sell for approximately the same cost), and v is the cost of M8 threaded rod and two M8 nuts, which are required for each standoff and mounting bracket pair. The electricity use was measured to print the brackets with a multimeter (±0.005 kWh), and the finished printed components were weighed (±0.05 g) with a digital balance. Bolt hardware was priced at McMaster-Carr (Elmhurst, IL, USA). The parts were printed using a modified Prusa Mendel variety of RepRap 3-D printer, with maximum build dimensions of 200 mm 2 in the X and Y directions and a 180-mm height limit. For current bill of materials, building, and operating instructions, see http://www.appropedia.org/ MOST_HS_RepRap_build. The RepRap 3-D printer is able to print every part needed for the mounting system, aside from metal fasteners, with multiple parts fitting on the build platform to decrease print times. A layer resolution of 0.25 mm and a positioning accuracy of 0.1 mm resulted in uniformity throughout the part and an esthetic appeal that is lacking in the aluminum parts.
The yearly energy output and optimal tilt angles were calculated using PV Syst 6.0.6. Energy output was found from simulations for four 200-W RV-mounted PV modules using standard Al mounting and 3-D printed optimal tilt mounting for three representative locations (Minneapolis, MN, Boulder, CO, and Phoenix, AZ). Figure 1A , B shows the final design of the module mount in both the computer model of the z bracket and the standoff, respectively. Figure 1C compares the aluminum z bracket to the reinforced printed z bracket in black, Figure 1D shows the printed standoff before assembly and Figure 2 shows the 3-D printed and assembled bracket and standoff.
Results and discussion
In addition to design changes to increase mechanical performance, the designs of the parts were made customizable to fit any particular application that may be useful to the end user. Tilt angle, mounting hardware type, height of standoff, and the base diameter can all be customized and tailored for a specific application using OpenSCAD to optimize the PV system as shown in Figure 3 .
Another advantage of the 3-D printable design is the ability to easily modify the design for mechanical performance improvement, such as changing the size of a chamfer to give the end user optimized performance of the part depending on the type of conditions expected while driving and stationary. For example, those traveling through areas with known high-velocity winds may increase the cross section of components to provide additional mechanical strength.
Traditional aluminum standoffs and mounts cost $14.00 for a set of four mounting brackets and $15.00 per standoff and fasteners totaling $75.23 (37.6 cents/W) + shipping (Northern Arizona Wind & Sun 2014). This currently is about half the cost of the PV on a per watt basis. The cost of the 3-D printable RV racking is $7.21/module (3.6 cents/W) when considering the printed parts' plastic and embodied energy (electricity) and fasteners for four mounting brackets and standoffs. There is thus a factor of 10 savings for the 3-D printable RV mounts, which also offer superior performance from the array because of the ability to tilt the modules closer to their optimal tilt angle. As the size of the PV system gets smaller, the relative cost of the racking increases, so decreasing the cost of the racking can make smaller PV systems easier to afford for people looking to use them in apartments, or cottages that have lower electricity requirements compared to a typical household. It should be pointed out here that the RV PV system mounting is but a single example. Using the designs freely released for this project, many variations are possible for other applications. For example, flat roof and even tilted roof applications of PV that allow roof penetrations could use the existing design. However, with small alterations to the design PV racking could be customized for railings on apartments, facades, fences, carport awnings, etc. Similar results can expected for these other applications using a distributed manufacturing methodolgy.
These traditional mounts are also expected to last the life of the module without any required maintenance. More work is needed to determine if the polymer racking would have the same longevity. A continuation of this research could consist of adding carbon black to increase the reinforcement ability of the 3-D printed parts and aid in UV resistance (Clabbum et al. 1973) .
With the ability to change the design of the mount in the modeling software come changes in cost. When the tilt angle is changed, the height of the mount must also change, which requires more materials and more costs, but with increased benefit in module performance. Operating the module at the optimal tilt angle increases the efficiency, which for three different locations was found to be an average increase over the three representative U.S. locations of over 20% as shown in Table 1 . The added total cost of the extended standoffs is $12.46 per meter above the mounting bracket in order to operate the module at the optimal tilt angle. This increase in cost only applies to two of the four standoffs and can be minimized by tilting in landscape orientation.
It should be noted here that the costs of the RepRap 3-D printer itself and the human costs to operate the printer were not included in this study. In traditional manufacturing, the cost of the manufacturing equipment can be a substantial percentage of the cost of the resultant products; in this case, it was assumed that the value of the printer had already been realized in printing other products. This assumption is supported by a recent study that showed the cost of a RepRap 3-D printer could be easily recouped in under 1 year assuming only 20 common household items were printed (Wittbrodt et al. 2013) . These household items could be printed in a weekend making the fractional cost of the capital equipment irrelevant to any economic study like this one that assumed the consumer already owned a 3-D printer.
The labor costs are slightly more complicated. It was assumed that the RV owners would do the printing themselves and not hire out the task. As the designs for the RV PV system have already been designed and open-sourced as part of this publication, the labor involved in manufacturing the products with an existing 3-D printer is trivial. The RV owner would either download the STL files, which were open-sourced as part of this study (or customize their brackets with the open-sourced SCAD files), and then slice and print on their RepRap. This process is only slightly more complicated than downloading and printing a pdf file on a color 2D printer. Much like conventional printers, tuned 3-D printers do not need to be watched as the print so the RV owner could spend their time any way they chose during the majority of the printing time. This makes the additional opportunity cost for prosumer manufacturing of the RV PV bracket system rather small (if it exists at all) as it would need to be compared to the cost (and time value lost) or either shopping in a retail store (and transportation time to and from the store) for a product or ordering it online and waiting for it to be delivered. In either case, the convenience and the ability to customize would provide even more savings than have been conservatively estimated here. The values of labor, however, were not quantified here as there is a high degree of variability in opportunity costs among consumers depending on their income, employment, and geographic location.
Providing open-source designs will allow 3-D printer owners and companies everywhere to begin distributed manufacturing of custom RV PV mounts allowing distribution to take place simultaneously throughout the country and driving competition between manufacturers ultimately benefiting the customers with the lowest prices possible. According to the Recreation Vehicle Industry Association, 21% of all U.S. households stated intentions to purchase an RV at some point in the future (RVIA 2013) . There are approximately 115 million households in the U.S., equating to the potential for about 24 million RVs to be modified with the design. If each RV owner installed four 200-W modules, the total power would be over 19 GW, which is over six times the total U.S. installations in 2012. Distributed manufacturing PV racking creates a more customized product and drops costs by an order of magnitude, which has the potential to significantly expand the PV market not only in the U.S. but -as it pushes the costs down considerably -in the entire world. In this case study, the product is environmentally friendly because of the intrinsic sustainability of PV systems (Pearce 2002) . However, the use of the ultradistributed (or prosumer) manufacturing for the product will result in additional PV energy conversion improving the environmental performance of the product further (particularly if the RepRap is solar powered (King et al., 2014) ). In this specific case, high-embodied-energy aluminum is replaced with low-embodied-energy plastic (or even recycled plastic) even further improving the environmental performance of the RV PV racking. However, material substitution is not necessary to improve the environmental performance of 3-D printed products. Preliminary life cycle analysis for manufacturing with RepRaps identical to those used in this study for more common household items indicates that distributed manufacturing has a smaller environmental impact than conventional manufacturing (Kreiger and Pearce 2013a, b) . These environmental benefits are significantly enhanced when recycled polymers are used and even more so when using distributed recycling with RecycleBots (Baechler et al. 2013; Kreiger et al. 2013 Kreiger et al. , 2014 . Waste plastic filament extruders are much less developed than RepRaps, but there are several companies commercializing extruders that can act as RecycleBots directly and on KickStarter as of this writing. Filament manufactured with a RecycleBot further improves the economics of distributed manufacturing as it can produce 1 kg of filament from about empty 20 milk jugs for under 10 cents instead of $30 to 60/kg from centralized filament suppliers. The economics of using a distributed approach to recycling and manufacturing with open-source equipment seems clear and may be a key factor along with the ability for ultra-customization that drives the reduced environmental impact for 3-D printing at the prosumer level. If the proliferation of open-source designs continues exponential growth (Wittbrodt et al. 2013) , the value of owning a personal 3-D printer increases and could become commonplace for manufacturing a wide range of products.
As it appears possible (and perhaps likely) that an ever-expanding list of products will be manufactured by prosumers using personal 3-D printers, future work is needed to quantify not only the environmental impact of both individual products but also the wider impacts of a distributed manufacturing ecosystem. Potential large socio-economic shifts, changes in employment, alterations to resource scarcities, and concomitant reduced conflicts due to reduced spending on centrally manufactured products could have both direct and indirect effects on the environment, which are in substantial need for further study. The environmental performance of personal 3-D printing should not only address the life cycle analysis (LCA) of polymer products and energy use as has been done in the past but can also include the expanding array of printed materials and specialty chemicals. Finally, such LCAs should include the impact of chemicals that are sometimes used in post-processing printed objects. For example, acetone can be used to smooth out the approximately 200-micron step heights used in today's 3-D printing. Acetone can be relatively safely used with good ventilation, but other chemicals (such as dichloromethane, used to treat the common printing material PLA) are substantially more dangerous. LCAs could help guide the burgeoning industry of ultra-distributed manufacturing with open-source 3-D printing towards the safest and most environmentally benign techniques and chemicals.
Conclusions
The preliminary results of this study show distributed manufacturing using 3-D printing of the case study product of RV PV racking results in an order of magnitude reduction in economic cost for a superior product. The additional electrical output for a case study RV PV system in three representative locations in the U.S. was found to be on average over 20% higher than that for conventional mass-manufactured racking systems. The preliminary results indicate that distributed manufacturing -even at the household level -with open-source 3-D printers is technically and economically viable. Further research is necessary to expand the results of this preliminary study to other types of products and to complete full life cycle analysis on them to quantify the environmental impacts.
